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Evaluation of Soybean
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Heterosis is an important factor in development of hybrid cultivars.
Few beterosis studies have been done in soybean [Glycine max (L.)
Merr.]. This is because manual cross-pollination is difficult and
time-consuming, and not economical to produce large quantities
of hybrid seed. Male-sterility systems identified in soybean, com-
bined with insect-mediated cross-pollination, have been shown to
produce large quantities of hybrid seed. This procedure was used
in this study to produce hybrid seed for replicated yield trials with
the objectives to: 1) evaluate the agronomic performance of soy-
bean F, bybrids; and 2) estimate beterosis for yield and other
agronomic traits of the F, bybrids. Parental genotypes were two
male-sterile, female-fertile lines with the ms3 and ms9 mutations,
and a group of six bigh-yielding male-parent lines. The experi-
ment was conducted in two years at several locations. In 2005,
twelve F, hybrids were evaluated along with parent lines. Mid-
parent heterosis (MPH) ranged from —29% to +32%, and bigh-parent
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heterosis (HPH) from —23% to +1%. In 2000, eleven hybrids were
evaluated. MPH values ranged from —53% to —21%, and HPH
from —606% to —35%. Seed size and seed protein content showed
HPH for some combinations. For traits related to uvegetative
growth, such as height and lodging, positive MPH and HPH were
observed. In general, depending on the year and parent combina-
tions, there were hybrids that performed better than the mid-parent
values, suggesting that heterosis was identified in soybean. Signifi-
cant differences for yield between bybrids of the ms3 and ms9
groups also were observed.

KEYWORDS  Soybean, Glycine max, hybrids, heterosis, male-sterility,
insect-mediated cross-pollination, agronomic performance, yield

INTRODUCTION

Heterosis, the measure of the average superiority of an F, hybrid over its
parental inbred lines, is an important factor in the development of hybrid
cultivars. Heterosis can be expressed when the parents of a hybrid have
different alleles at a locus and there is some level of dominance or epistasis
among the alleles (Falconer & Mackay, 1996).

Heterosis does exist in soybean [Glycine max (L.) Merr.] and, if appro-
priate parent combinations and an economical means of producing hybrid
seed could be identified, yield increases would benefit soybean growers.
Reports in the literature have indicated that in some cases, the best hybrids
have yielded +10% to +20% more than the higher-yielding parent (Palmer
et al., 2001). A summary of fourteen heterosis reports since 1930, using a
total of 456 different crosses, has shown that the average value of mid-
parent heterosis (MPH) ranged from +14% to +406%, and average value for
HPH ranged from +4% to +34% (Palmer et al., 2001). Most of the studies,
however, were done with space-planted hybrid plants, and only a few
hybrid combinations were tested. For this reason, results of these experi-
ments cannot be extrapolated to commercial plantings.

In other experiments, where more hybrid seed was available, yield
tests were done in three-row plots with at least three replications. Average
yield MPH percentages for twenty-seven and seven hybrid combinations
were +3% and +4%, respectively (Nelson & Bernard, 1984; Lewers, 1990).
Sun et al. (1999) in a summary of data collected from a comprehensive
heterosis test program in China reported that 846 of 1123 combinations
showed positive MPH. Of the 846 combinations, 248 showed a mean HPH
of +20%. Hybrid seed was obtained by hand pollination and the evaluation
of heterosis was done at six research institutes in China in single-row plots
with two replications.
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Ortiz-Perez et al. (2007) evaluated heterosis for yield and agronomic
traits from single crosses, three-way crosses, and backcrosses (BC,F,). MPH
values for yield ranged from —59% to +37% for single crosses, —14% to +16%
for three-way crosses, and —7% to +42% for BC,F, HPH range was from —66%
to +17% for single crosses, —25% to —5% for three-way crosses, and —16% to
+42% for BC,F, crosses. Burton and Brownie (2000) evaluated the F; gener-
ation of two combinations derived from crosses between current soybean
cultivars. The average yield of one cross was +16 % greater than the
highest-yielding parent; for the other cross it was +5 % greater than the
highest-yielding parent. These results suggest that significant yield increases
are possible for some combinations, but release of commercial hybrids, at
least in the United States, remains a challenge because several aspects of the
hybrid-seed-production scheme need to be evaluated. One important aspect
is to find a feasible system of F; hybrid-seed production. It is important to
note that in China, however, the first hybrid soybean cultivar was released
in 2002 (Palmer et al, 2003).

The work that we report here has several unique aspects compared
with previous studies in which heterosis was measured. First, our study
used an efficient insect-mediated, cross-pollination hybrid-seed-production
system. During the course of the work conducted by Ortiz-Perez et al.
(2008), the authors selected within female-parent genotypes for insect
attractiveness, using an increased number of out-crossed pods as a selection
criterion. With this selection criterion, the authors observed an increase in
the amount of hybrid seed produced. Based on these results, we only used
female plants derived from the most productive individuals to maximize
hybrid-seed production. Another unique aspect of our work that differed
from that of Ortiz-Perez et al. (2007) was that the male parents used for
hybrid-seed production were current high-yielding public cultivars as
opposed to the old public cultivars. A third aspect different from previous
studies was that we conducted replicated field tests using four-row plots.
Many of the studies in hybrid soybean had been conducted using spaced
single plants (Palmer et al., 2001), single-row plots (Sun et al., 1999), and
three-row plots (Nelson & Bernard, 1984; Lewers, 1990), because of scarcity
of hybrid seed. This was not the case in the current study. The objectives of
our study were, therefore, to: 1) evaluate agronomic performance of soy-
bean F; hybrids, and 2) estimate heterosis for yield and other agronomic
characteristics of the F; hybrids.

MATERIALS AND METHODS

Twelve F, hybrids were developed by crossing two nuclear male-sterile
lines as female to six male parents (Table 1). For each female genotype, the
homozygous dominant male-fertile, female-fertile sibling was planted as



14:21 10 March 2009

[Usda Natl Agricultural Library] At:

Downl oaded By:

4 P. T. Perez et al.

TABLE 1 Soybean Hybrids and Parents Evaluated in 2005 and 2006 at
Two Locations Near Ames, TA (Loc 1 and Loc 2), and One Location Near
Gilbert, IA (Loc 3)

2005 2006
Genotype Loc 1 Loc 2 Loc 3 Loc 1 Loc 2
Female parents®
Ms3Ms3 x> X X X
Ms9OMs9 X X X X
Male parents
1A2050 X X X X X
1A2052 X X X X X
K1547 X X X X X
LG00-6182 X X X X X
LG00-6193 X X X X X
LG01-4756 X X X X X
Hybrids
ms3 x I1A2050 X X X X
ms3 x 1A2052 X X X
ms3 x K1547 X X
ms3 x LG00-6182 X X X
ms3 x LG00-6193 X X X X
ms3 x LG01-4756 X X X
ms9 x TIA2050 X X X X
ms9 x 1A2052 X X X
ms9 x K1547 X X X X
ms9 x LG0O0-6182 X X X
ms9 x LG00—-6193 X X X
ms9 x LG01-4756 X X X

“Fertile sibling of male-sterile, female-fertile parents.
PX = Genotype planted at that location

control in the same field along with hybrids and the six male parents. In
every yield trial, a total of 20 genotypes was evaluated.

Plant Materials

Female parents had excellent insect pollinator attraction determined on the
basis of out-crossed pod production per plant. These lines had been
selected by Ortiz-Perez et al. (2008) in a previous study. Lines segregating
for nuclear male-sterile mutations were used as female parents: ms3ms3
(T284H; Chaudhari & Davis, 1977) and ms9ms9 (T359H; Palmer, 2000). The
six male parent lines included three high-yielding public cultivars—K1547
(Kansas State University, Manhattan, Kan.), TA2052 (Iowa State University,
Ames, Towa), and 1A2050 (Towa State University, Ames, lowa)—and three
high-yielding public breeding lines with greater than 50% exotic germplasm
in them, LG00-6182, LG00-6193, and LG01-4756 from USDA-ARS at
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Urbana, Ill. Breeding lines LG00-6182 and LG00-6193 were selections from
the same two-parent mating. Male parents were chosen because of high
yield, adequate plant height, and maturity adapted to Iowa. Twelve F,
hybrid combinations were developed by insect-mediated cross-pollination
between two female lines crossed to each of the six male lines.

F, Seed Production

Hybrid seed was produced in a full-season nursery in Chile, South America.
For hybrid-seed production, each plot had six rows. Rows one and six were
planted with the male parent; rows two to five were planted with the segre-
gating male-sterile line. Rows were spaced 76 c¢cm apart and were 4.8 m
long, with 1.2 m spacing between plots. Planting density was 14 seeds/m.
Each plot was replicated three times for each of the twelve hybrid combina-
tions in a randomized complete-block design, where the two male-sterile,
female-fertile lines (ms3ms3 and ms9ms9) were crossed with each of the six
selected males.

At flowering, male-sterile plants were identified and labeled, and fertile
siblings were removed. This procedure was done in the middle rows (2-5)
where the segregating male-sterile lines were planted for each hybrid com-
bination. Insect vectors transferred pollen from the male-parent rows to the
male-sterile, female-fertile plants. Alfalfa leaf cutter bees (Megachile rotundata F.)
were used as the insect pollinator species. Each plot was bulk-harvested,
and hybrid seed for each combination was sent to Iowa for planting in sum-
mers of 2005 and 2006 (Table 1).

Field Testing

Four-row plots of F, hybrids and parents were planted in replicated tests.
Each row was 5.2 m long with a space of 0.76 m between rows. Two loca-
tions near Ames and one location near Gilbert, Jowa, were used for the
experiment. In 2005, parental lines were evaluated at all locations; hybrid
combinations also were evaluated, although not at all locations (Table 1). In
2000, parental lines, except the homozygous dominant male-fertile, female-
fertile MsOMs9, were evaluated at two locations near Ames, Iowa. In 2006,
the hybrid combination ms9 x IA2052 was not evaluated because of lack of
seed; the other hybrid combinations were evaluated, although not at all
locations due to non-availability of sufficient seed. A randomized complete-
block design with two replications was used at each location and in each
year. Because all hybrids were not evaluated at all locations, the design was
unbalanced.

Traits evaluated were seed yield, seed protein and oil content, lodging,
plant height, maturity date, and seed size. Maturity date was recorded as the
number of days from planting until 95% of the pods in the two middle rows
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were brown (stage R8) (Fehr et al., 1971). Plant height and lodging were
recorded at harvest. Plant height was measured in centimeters on two plants
from each of the two middle rows. Lodging was a visual observation of the
whole plot, recorded on a 1 to 5 scale, with 1 being all plants upright, 3
being plants at 45°, and 5 being all plants prostrate. The two middle rows
were harvested at maturity and the seed was used to determine yield, seed
size, and seed composition. Samples of 25 g were sent to the USDA
National Center for Agricultural Utilization Research (NCAUR), Peoria, Ill., to
determine seed protein and seed oil content via near-infrared transmittance.

Statistical Analysis

For all genotypes, a mixed model analysis of variance (ANOVA) was per-
formed separately for each year on the data for each agronomic trait.
Because of the unbalanced design, the data were analyzed using PROC
MIXED of SAS v. 9.1 (SAS Institute, 2003). In the model, genotype was a
fixed effect and location, genotype by location and replications within loca-
tion were considered random effects. Least square means (LSMEANS) were
used to estimate the hybrid and parent performance each year.

Hybrid performance relative to parents can be measured as mid-parent
heterosis and high-parent heterosis (Fehr, 1991). Mid-parent heterosis was
determined as:

MPH (%) = [(F, — MP)/MP] x 100, where F, = performance of the hybrid

and MP = mean performance of the parents

High-parent heterosis was determined as:

HPH (%) = [(F, — HP)/HP] x 100, where F, = performance of hybrid and HP

= performance of ‘high’ or best parent

The ESTIMATE statement of SAS v. 9.1 (SAS Institute, 2003) was used to
determine the difference between the mean of each hybrid with the mean
of its parents. The LSMEANS statement with a PDIFF option, which allows
differences of the LS-means to be displayed, was used to estimate the differ-
ence between the hybrid and the parent with the best performance for a
specific trait. Multiple-comparison tests were done with the Bonferroni
method. The BON option of SAS v. 9.1 (SAS Institute, 2003) was used to
estimate adjusted p-values for multiple comparisons. To determine the cor-
relation between variables, Pearson correlation coefficients were computed
using the PROC CORR statement of SAS v.9.1 (SAS Institute, 2003).
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RESULTS

In 2005, the analysis of variance for the single-cross populations and parents
indicated significant differences among genotypes for all traits (Table 2). In
addition, orthogonal contrasts were performed to detect specific differences
between groups of genotypes (male parents, female parents, and single
crosses). In general, and considering both years and all traits, the contrasts
between parents and hybrids showed significant (P < 0.05) differences
between groups of genotypes (data not shown). There was a significant
interaction between genotypes and locations for all traits, except seed
protein and oil content. This indicated that protein and oil content across
genotypes were similar at both locations in 2005. In 2000, the analysis of vari-
ance for the single-cross populations and parents indicated significant differ-
ences among genotypes (Table 2). A significant interaction between genotypes
and locations was observed only for seed protein content. The differences
between the two years could be attributed to genotypes planted at fewer loca-
tions in 2006 (Table 1). All significant differences were at the P < 0.05 level.

Agronomic Performance of Parent Lines and Hybrids

Male parents had the best yield performance among all groups in both years
(Table 3). Average yield of male parents was 2,797 kg/ha in 2005 and 3,297
kg/ha in 2006. In 2005, the highest yielding male parent was 1A2050, but
LG01-4756 was the highest yielding male parent in 2006. Mean yield of
female parents was 1,897 kg/ha in 2005 and 1,696 kg/ha in 2006, which
were significantly lower than the yield of the male parents in respective
years. Among female parents, the homozygous-dominant, male-fertile,
female-fertile Ms9Ms9 was the highest yielding in both years, although the
difference was not significant.

The mean yield of hybrids of the ms3 group was 2,418 kg/ha in 2005
and 1,262 kg/ha in 2006 (Table 3). In this group, the highest yielding hybrid
was ms3 x K1547 in 2005 and ms3 x 1A2050 in 2006. In the ms9 group, the
mean yield was 1,920 kg/ha in 2005 and 1,903 kg/ha in 2006. The highest
yielding hybrid was ms9 x 1A2052 in 2005 and ms9 x LG01-4756 in 2000.

Hybrids of the ms9 group had mean seed size larger than that of par-
ents in both years (Table 4). Female parents and hybrids had the highest
content of seed protein and oil content that was lower than that of male
parents. Hybrids with high seed protein content had low vyields, and the
correlation between the two traits was negative (Table 5).

In both years, mean maturity of female parents and hybrids was later
than that of male parents. In general and on average, hybrids were taller
than their parents, particularly in 2006. Lodging was similar among parents
and hybrids in 2005, although hybrids had higher lodging scores than their
parents in 2006 (Table 4).
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TABLE 3 Yield of Parents and Hybrids. Mid-Parent Heterosis (MPH), High-Parent Heterosis
(HPH), and Mean Heterosis for Each ms Hybrid Group in 2005 and 20006, in Replicated Tests
Averaged Across Locations®

2005 2006
Genotype Yield(Kg ha™ MPH(%) HPH(%) Yield(Kg ha™ MPH(%) HPH (%)
Female parents”
Ms3Ms3 1504 1459
Ms9OMs9 2290 1932
Mean 1897 1696
Male parents
1A2050 3142 3149
1A2052 2805 3447
K1547 2813 3391
LG00-6182 2399 3073
LG00-6193 2913 3105
LG01-4756 2710 3616
Mean 2797 3297
Hybrids
ms3 x 1A2050 2433 +5 -23 1410 —39* —55*
ms3 % 1A2052 2840 +32 +1 1155 —53* —66*
ms3 x K1547 2849 +32 +1 1137 -53* —66*
ms3 x LG00-6182 2139 +10 -11 1279 —44* —58*
ms3 x LG00-6193 1662 =25 —43 1223 —46* —61*
ms3 x LG01-4756 2587 +23 =5 1370 —40* —62*
Mean 2418 +13 -13 1262 —46 -62
ms9 x 1A2050 1948 —28* -38* 1840 -28 —42
ms9 x 1A2052 2049 =20 =27 ND¢ ND ND
ms9 x K1547 2027 -21* —28 1636 -39* —52*
ms9 x LG00-6182 1817 =22 —24 1985 =21 =35
ms9 x LG00-6193 1904 —27* =35 1932 -23 -38
ms9 x LG01-4756 1775 —29* =35 2120 —24 —41
Mean 1920 —24 =31 1903 =27 —42

“Two replications at two locations near Ames, and one location near Gilbert, IA in 2005; two replications
near Ames, IA in 20006.

PFertile siblings of male-sterile, female-fertile parents.

‘ND = No data.

*P-value < 0.05.

Heterosis in Hybrids

Hybrids of the ms3 group had positive MPH for yield in 2005, with the
exception of one combination (Table 3). In 2005, mean MPH value of the
ms3 group was +13%. In this group, the hybrids with the highest values
were ms3 % 1A2052 and ms3 x K1547, both showing +32% MPH. Also in
2005, mean MPH for hybrids of the ms9 group was —24%. In 2000, yield
MPH with both female parents was negative and ranged from —53% to —21%
(Table 3). The trend in high positive values of MPH for hybrids of the ms3
group observed in 2005 and the negative values observed in 2006 may



(4748 2" 61 8l {08 06 €81 861 L0Y 90% 598 498 UBaN

! 8¢T 0T 0c 86 6 VLT 661 90% (02874 991 91 9SLy—T0DT
548 ¥er 0¢ 0cC 0Z1 <0 08T 061 60¥ y 891 991 6190091
9yl 59! €T 8T 911 0T 81 61 86¢ L0% [yT a4 Z819—0091
jad! oct 01 €1 68 8L €81 90¢ 96¢ $6¢ 6v1 8¥1 L¥STY
8¢l 498 8'1 'c 66 88 881 10¢ ey 80¥% (54! 8748 ZS0TVI
661 621 <1 ST 18 9L 161 661 01y 190i4 osT Zst 0<0ZVI
syuaaed orey
s} o9¢tT 6¢C C 00T %6 o1 <81 och Ty 548 54! UBON
(4748 59! 9T LT 88 16 791 L8T ory 0zy 6ST 122! OSIWGSIV
oF1 8¢ ¢ 8'C It L6 €91 €81 454 8¢¥ 44 58 ESWESW
pSiuared oreuroyg
9002 S00T 9002 <00T 9002 <00T 9002 S00T 9002 <00T 9002 <00T adAiouan
(sAep) (21005) (W) YS1PH (839 (,_8% 9) (;_pa93s Su)
JAmyepy nwEwﬁo‘H [10 P93 urojold pasg 971S PIdS

LSUONEDOT SSOIOY POSEIOAY 1S9,
pareoniday Ut ‘900z PUB SOOT UT siuaTed pue spugAH b jo Aumiey pue ‘SurSpoT WSIOH WULIuo) 10 PI9S ‘TULIU0D) UINOIJ Pads 9ZIS PR2S ¥ ATAVL

6002 Y2JGN OT TZ:¥T W [Ateuqi7 (einino1iby |1eN epsn] :Ag papeo jumog

10



"EIEP ON = (N,

‘syuared o[nIoy-o[ewa) ‘O[ULIS-d[ewW JO SSUIIAIS J[NID A,
‘gy 23e1s 01 Sunueld woiy sAep = Aunien,
-1ensold = ¢ ydudn = [ 21008 m:_m@our_
'900Z Ut VI ‘sawy Jeau suonedtdar oM {0z Ul Y] Uaq[IO JESU UONEDO] SUO PUE ‘SIWY JEdU SUONEIO] OM] B SUONEDI DI OM],,

sigh
8¥1
8yl
8yl
[yl
aN
8¥1

iy
6v1
6v1
6¥1
9¢T
0<T
8¥1

121}

24!
<1
el
(49!
cCeT

121}
yel
9!
6¢1
0¢T
621
cer

L0T
L0T
€0t
111
0L
>UN
601

IT1
Y11
901
STT
801
(488
01T

600C Yo2J8N OT T2 ¥T

%6
€6
4
101
68
%6
96

00T
€01
86
86
€01
101
86

CLT
991
181
LLT
L9T
dN
991
091
65T
LST
191
091
8¢ST
<91

W [Areign

881
061
681
061
L8T
981
e8I

681
L81
781
<81
761
S61
161

leinyno 116y

LTy
857
454
81y
59%
aN
5574

594
yey
(Viie%
%94
59%
8¢y
8¢¥

11eN epsn ]

4
sty
iy
81y
9%
<ty
sty

o1y
5184
62y
8¢y
S0y
80%
60%

LT
LT
0LT
CLT
<ot
dN
€81

1l
0%1
44!
6Y1
8¢
66T
49!

:Ag papeo jumog

691
91
TLT
€91
<81
<91
1.1

94!
94!
34!
9%1
24"
91
6¥1

UEBIN
9SLE—T0OT x GSut
€619—00DT x GSut
78190091 x GSut

LYSTY x GSu
TSOTVI x GSut
0S0TVI x GSut

UBIIN
9SLE—T0OT x £sut
€619—00DT x £sut
7819001 x £sut

LYSTY x Esut

TSOTVI x £sut

0S0TVI x £sut
SPLIQAH

11



'T0°0 > oN[BA-dax
€0°0 > oN[eA-d.

1 1 3uIspo7
T .20 790 T YSPH
T 800  TI0 €0 LSO T Aymyey
T 80— ,690—- <S0—  090— 90— ,190- ! [1O0 P29S
T L060—  SC0 SS°0 170 LSS0 L6580 FP0 80— T urajo1d pasg
I LLY70 S€0- 600 010 80°0— LO0 ¥T0 €€o 00— ST0 1 9ZIS PI9§
T 9¢0— L98°0— .8L°0 ¢s0—-  9¢0— I€0— L 9%0—- ,L0¥V0— LSO0— ,¥S0 LSL0- L0°0 1 PIPIA
PIRIA 27Is poas  urjoid [0 paas Al YSIoH SuiSpoT SuiSpoT 1YSoH AWM [0 paos  umjoid  97Is Pass  pRIX
pa9s pa9s
900T <00T

VI ‘Uoq[ID PUE SOWY Je ¢OOZ W SWISpoT pue WSIOH ‘AINIE JUSIU0)) IO Paos ‘WUIU0D UIRI0I] P9S 9ZIS PI9S ‘PIOIA JOJ XU\ UONE[RIIOD) € ATAV.L

6002 Y2JGN OT TZ:¥T W [Ateuqi7 (einino1iby |1eN epsn] :Ag papeo jumog

12



14:21 10 March 2009

Downl oaded By: [Usda Natl Agricultural Library] At:

Soybean Hybrids 13

be explained in part by the poor performance of the female parent lines
in 20006.

In 2005, the two hybrids with the highest positive MPH for yield also
showed positive HPH, although the estimates were not significantly different
from zero (Table 3). In general, all HPH values were negative or not different
from zero, irrespective of the female parent used in the hybrid combination.
The mean HPH value for hybrids of the ms3 group was —13% and —31% for
hybrids of the ms9 group. Similar results were observed in 2006, mean HPH
for hybrids of the ms3 group was —62% and —42% for hybrids of the ms9
group (Table 3).

For seed size in 2005, MPH had mostly positive and HPH had some
positive values (Table 6). In 20006, no consistent trend was observed in both
heterosis estimates. In general, and considering both years, MPH ranged
from —4% to +23% and HPH ranged from —15% to +21%. Similar variable
results were observed for seed protein content heterosis estimates (Table 6).
For this trait in 2005, hybrids of the ms9 group had a mean MPH of +3% and
HPH of +1%. In 2006, hybrids of the ms3 group had a mean MPH of +4%
and HPH of +1%. For seed oil content, the majority of the hybrids had neg-
ative MPH and HPH estimates.

In this study, hybrids that had negative MPH and HPH values for yield
also had negative values for oil content (Tables 3 and 6). In both years,
yield and oil content had a positive association (r = 0.78 in 2005, and r =
0.84 in 20006; both significant at P < 0.05) (Table 5).

For maturity, lodging, and plant height, hybrids expressed varying
levels of heterosis depending on the year (Table 6). In some cases, trait
values were higher than those of their parents, which are reflected in
positive estimates of MPH and HPH. In other cases, values were negative.
For maturity, considering both years and both female parents, MPH ranged
from —6% to +6% and HPH ranged from —7% to +4%. For lodging, MPH
ranged from —24% to +101% and HPH ranged from —29% to +58%. For plant
height, MPH ranged from —-8% to +28% and HPH ranged from —14% to
+23%. In both years, lodging and height had a positive association (r = 0.73
in 2005, and r = 0.62 in 20006; significant at P < 0.05).

DISCUSSION

Estimates of MPH and HPH were, in general, variable across years, locations,
and parent combinations. Depending on the year and parent combinations,
there were hybrids that performed better than the mean performance of
parents (mid-parent value), although none of the hybrids was better than
the best parent of the cross. In general, however, male-parent lines had
yield performances that were superior to those of hybrids. A possible expla-
nation for this is that the homozygous dominant male-fertile, female-fertile
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siblings of each ms mutant had poor yield performance. The male-sterile
alleles were introgressed into old genetic lines, in which yield was not
considered a prime factor for selection. The low-yielding background of the
female lines may have had a negative effect on F,; hybrid performance and
on heterosis expression. It is possible that if the male-sterile genes used in
this study had been introgressed into modern higher-yielding genetic back-
grounds, hybrids would have had better agronomic performance and conse-
quently positive values for heterosis. Burton and Brownie (2006) suggested
that possible genetic bases for heterosis in soybean could be gene comple-
mentation, linked dominant alleles that are inherited as a unit, a greater
number of dominant alleles in the F, than in the parents, and multiple
dosage-dependant regulatory loci and/or overdominance. Using these
assumptions, they stated, “Heterosis should be predictive of good parental
combinations.” This observation suggests that once the male-sterile genes
are introgressed into higher-yielding genetic backgrounds, it would be
important to evaluate a large number of hybrid combinations using the
highest-yielding cultivars as parents.

Two female lines with different male-sterile alleles were used as
parents, which allowed evaluation of performance of male-sterile sources in
hybrid combinations. A result of the comparison was finding significant
differences for yield between some hybrids of the ms3 group and the ms9
group, even when they had the same male parent. It is, however, important
to indicate that the male-sterile alleles used in the study were introgressed
into different genetic backgrounds and this may partly explain the distinct
results. Because soybean does have numerous different alleles for male ste-
rility (Palmer et al., 2004), it would be important in future studies to include
several of the alleles introgressed into the same genetic background. In the
study reported herein, two interpretations are possible: 1) an interaction
between male-sterile alleles with their respective genetic background; or 2)
differences in the interactions between parental combinations e.g., specific
combining ability.

Variability in hybrid performance and of estimates for MPH and HPH
observed in the study were nevertheless similar to previous reports. Heterosis
estimates for yield in studies conducted with spaced plants were reported
by Weber, Empig, and Thorne (1970) who evaluated 85 crosses with a
mean HPH of +13% and a mean MPH of +25%. Chaudhari and Singh (1974)
observed mean HPH for seed yield of +26%. Heterosis for yield in several
studies done under standard plant density has been reported. Cerna et al.
(1997) found that HPH values of 16 F, crosses ranged from —17% to +97%
and MPH ranged from +7% to +102%. In the study of Manjarrez-Sandoval
et al. (1997), HPH ranged from +1% to +15% in twenty-four hybrid combi-
nations; mean MPH was +7%. In the study of Nelson and Bernard (1984),
HPH from five of twenty-seven hybrid combinations ranged from +13% to
+19% and mean MPH was +8%. In 1996, Lewers found that the mean HPH
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for thirty-six testcrosses was +7%. In more recent studies, Pandini, Natal,
and Celis de Almeida Lopes (2002) evaluated thirty F,; hybrids, which had
HPH ranging from —44% to +72% and MPH from —6% to +132%. Burton and
Brownie (2006) reported a mean HPH of +16% and +5% in two crosses. In
the study of Ortiz-Perez et al. (2007), HPH in single crosses varied from —41%
to +11%, and MPH varied from —34% to +15%. In only a few of these stud-
ies, male-sterile systems were used to obtain hybrid seed. This, in itself, is a
difference that needs to be considered when comparing heterosis estimates
across studies.

Significant positive MPH and HPH for plant height, lodging, seed
size, and seed protein content were found in several crosses. The obser-
vations for plant height and lodging indicated that heterosis was present
mainly for traits associated with vegetative growth. These observations
are in agreement with published information (Nelson & Bernard, 1984).
According to Lewers et al. (1998), it is possible that vegetative heterosis
may increase early lodging and pod abortion and, in turn, reduce grain
yield.

An increase in seed size is commonly observed for F; plants normally
grown in soybean crossing blocks (S. Cianzio and R. Palmer, personal
communication). A similar pattern of heterosis was found in our study for
this trait. The positive heterosis observed for seed protein content might be
the result of the inverse relationship widely reported in the literature
between seed yield and seed protein content and seed protein and seed oil
content. Negative correlations between seed protein and seed oil and
between seed protein and yield were also detected in this study and by
Burton (1987). Different genotypes and maturity groups were used in the
two studies, however.

In soybean, most gene action reported for economically important
traits is additive, and heritability estimates are low (Brim & Cockerham,
1961; Burton, 1987). In the current study, deviations from the mid-parent
value were found for yield, seed size, seed protein content, seed oil
content, maturity, height, and lodging, which may indicate epistatic effects,
as suggested by Thorne and Fehr (1970).

In soybean, heterosis effects are not yet well understood and several
explanations have been proposed by Burton and Brownie (2000); for exam-
ple, “D) gene complementation or interaction of duplicate favorable loci in
repulsion linkage, i) linked dominant alleles inherited as a unit, iii) a
greater number of dominant alleles in the F; than in either parent sepa-
rately, iv) multiple dosage-dependant regulatory loci, v) and/or overdomi-
nance.” If heterosis in soybean is governed by any of the above-mentioned
mechanisms, it is necessary that complementarity exist between both parent
lines to obtain yield heterosis in the hybrid; in other words, both parents
must possess dominant genes at different loci controlling seed yield (Pandini,
Natal, and Celis de Almeida Lopes, 2002).
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In the current study, a limited number of combinations was evaluated
and results cannot be extrapolated to other crosses; however, an insight into
the complexities and difficulties about the evaluation of heterosis and the
possibility of establishing hybrid soybean as a commercial entity have been
gained. Understanding heterosis in soybean and identification of general
and specific combining ability effects among parents will be necessary and
will require extensive studies conducted across a wide range of environ-
ments with different sources of male sterility in common and different high-
yielding genetic backgrounds. Hybrid seed to conduct these experiments
can be obtained using insect-mediated pollinations, which has proven to be
an efficient method to produce large quantities of hybrid seed. Once this
information is collected and positive and economic heterosis estimates are
identified, it will be necessary to devise predictive systems to identify geno-
types with good combining ability. These studies, and information already
collected, will help determine the economics and the feasibility of commercial
hybrid soybean as a means to increase seed yield for the grower.
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